In today's rapidly changing health care milieu, organizations are expected to continuously improve the quality of care delivered to an expanding population of patients. To do so, they need a framework for developing, testing and implementing changes. Lean provides a methodology to engage workers and leaders to identify waste in a process, develop standards, implement a change, assess the results of that change, review next steps, and repeat the process. This can be successfully accomplished in the highly variable world of emergency medicine and can help health care providers be more productive, engaged, and satisfied while enabling patients to receive the value-added care they want and expect. Successful implementation of Lean or any other improvement framework requires that the hospital and medical leadership are all strong supporters of the methodology, speak the same process improvement language and are able to generate support and resources for operation-wide forward movement.
Introduction
Lean methodology is derived from principles of the Toyota Production System, developed in the 1950s by Taiichi Ohno [1] , who took inspiration from the work of W. Edwards Deming [2] , Henry Ford's moving assembly lines, and United States (US) supermarkets. Lean involves principles, methods, and tools to understand and improve the performance of a system. Key principles include the elimination of unnecessary waste, minimizing delays, just-in-time delivery of products and services, worker empowerment, and continuous improvement. Examples of Lean tools and methods include value stream mapping, rapid cycle improvement sessions (kaizen), process standardization (standard work), 5S (a method for organizing and standardizing workspaces), physical layout improvements that minimize travel time, and mistake-proofing/failure prevention [3] . Lean was first applied in the US automobile industry and has subsequently spread to other manufacturers [4] as well as the UK National Health Service [5] with much success. When the Institute of Medicine (IOM) published Crossing the Quality Chasm: A New Health System for the 21st Century in 2012, the authors described the current US health care system as highly fragmented, unnecessarily redundant, and prone to long wait times. The report emphasized the need to redesign the system to improve health care quality and patient safety [6] . As a result, there has been a push for further expansion of Lean methodologies into the US health care milieu [7] [8] [9] [10] [11] [12] [13] [14] . Health care systems such as Virginia Mason in Seattle, WA [9, 15] and ThedaCare in Wisconsin [8, 16] were early adopters of Lean and have demonstrated the effectiveness of a Lean approach to heath system management. At Seattle Children's Hospital (SCH), Lean-based continuous performance improvement (CPI) has been an integral part of daily operations and management for over a decade [17, 18] . In this article, we will briefly put Lean into context as it relates to other improvement frameworks, introduce Lean concepts through a BLean Primer,^and provide descriptive examples of how Lean has been applied in the Seattle Children's Hospital Emergency Department to improve our system of care. We conclude with reflections and lessons learned through our experience.
Putting Lean into context
Several different quality improvement frameworks share the goal of improving quality and efficiency. They overlap significantly and share a common history using principles from early quality improvement experts such as W. Edwards Deming, Joseph Juran [19] , and Walter Shewhart [20] . They differ in which elements of health care processes are the emphasis of achieving their shared goal. Grossly oversimplified, Lean focuses on elimination of waste, Six-sigma attempts to control variation [21] , Theory of Constraints targets processes that are barriers to flow [22••] , and IHI's Model for Improvement stresses the iterative nature of change to achieve improvement [23••] .
A Lean primer: basic principles, tools, and methods
The value stream
The complexity of the health care system is perhaps best understood from the point of view of the patient. While care providers may view the system through the lens of their usual environment, a patient's interaction with the system is not isolated to their clinic visit or time in the operating room. Rather, it spans multiple transitions from inpatient to outpatient or from the operating room to the surgical unit. Value stream mapping looks at the totality of the patient's interaction with the health care system. A useful way to understand this concept is to actually map each step in the process of a patient who presents for medical care-from arrival until their care is completed-all from the patient's perspective [24••] . Once this map is drawn, it becomes a visual tool for identifying the non-value-added (NVA) or wasteful steps or events a patient may experience. These NVA steps are identified as opportunities for improvement. Thus, the value stream map is the tool that starts the improvement process (Fig 1) .
Waste
At its core, Lean strives to remove waste from a process. Waste is defined as any step which does not provide value to the patient and family (NVA). Valueadded (VA) steps include any step that directly contributes to improvement of the patient's medical condition or experience; another way of defining a VA step is one that the patient would be willing to pay for on an itemized bill [25] . Nonvalue-added (NVA) steps are sometimes necessary because of regulation or safety considerations. The goal of Lean-based process improvement is to eliminate unnecessary NVA steps, reduce necessary NVA time, and improve VA steps. Using these criteria, it has been estimated that 90-95 % of a typical process is waste [26•] and waste in the health care system has been estimated to cost as much as $1.3 trillion annually in the USA [27••] . Examples of health care waste are further defined in Table 1 .
Worker involvement
A key Lean principle is respect for the people who do the work. Therefore, in any Lean improvement project, it is essential to include front line staff from multiple disciplines and for leadership to go to the actual site of the work (Gemba, the workplace). Bringing the entire improvement team to the workplace enables methodical mapping of the process they seek to improve using Lean tools. One example of a Lean tool is a spaghetti diagram, which maps staff and patient movement. 5S is another tool that is used to reduce search time for materials ( Table 2) .
Standard work
The ultimate goal for improvement of a process is to achieve flow. In the ideal state, the patient's experience moves seamlessly from one step to the next with minimal waste and no barriers. In this state, everyone knows what to expect next and the amount of time spent by the patient in the health care setting is reduced to the time necessary to safely and effectively treat their medical condition. This state cannot be achieved instantly. One prerequisite for flow is to standardize processes wherever possible. Without standardization, it is impossible to identify the foundation upon which to apply iterative cycles of improvement. When standard work is accepted and followed by staff, each step in a process becomes more predictable and time-based which allows the opportunity for a data-driven review of changes. When time can be attributed to a reliably followed process step, it is called a reliable method. Variation in medicine cannot be completely eliminated but should be driven by the unique needs of patients rather than preferences of the staff.
The BPull^system
When a process cannot yet flow efficiently, an interim step is to achieve a state of pull. In a pull system, there is a signal, or kanban, which triggers movement of the patient or item to the next step in the process. The patient does not move until the next step is ready. This one-piece flow is much more efficient than traditional batch processing. However, it is important to emphasize that developing a pull system is not the ultimate goal. A pull system without equally balanced work causes waiting between steps. The goal of a pull system is to identify where constraints exist to allow iterative improvement to remove them. In an ideally developing Lean process, each improvement effort identifies the next process that needs improvement. As with IHI's model for improvement, Hold the gains through audits and accountability this requires a commitment to continuous plan-do-study-act (PDSA) cycles. This commitment to continuous improvement is called kaizen and is much easier to sustain when improvement is built into the daily work of front line staff and their supervisors.
Built-in quality
An intended by-product of one-piece flow is attention to quality and Berror proofing^processes whenever possible. In an ideal one-piece flow state, each step in the process is able to immediately identify and rectify any errors or problems without the patient moving to subsequent steps, where problems are much more difficult to identify and understand. In the ideal setting, work stops as soon as a problem is noticed and that problem is addressed immediately. In the Toyota production system, this concept is called jidoka.
Rapid process improvement workshop
A Rapid Process Improvement Workshop (RPIW) is a Lean-based tool used to develop and implement process changes. The goal of the RPIW is to pull together a multidisciplinary team (including key executives, faculty leaders, front line staff, and patient/family representatives) who work together to redesign and implement a process change in 5 days time. The scope of the workshop is clearly outlined in a charter document, and there is an RPIW executive sponsor who is responsible for keeping the workshop on track and removing logistic or cultural obstacles. RPIW teams are expected to develop proposed design changes and share them with stakeholders during the workshop week.
The new design is implemented at the end of the week and is audited in a series of Plan-Do-Check-Act (PDCA, the Lean version of PDSA) cycles at 30, 60, and 90 days.
Lean in the emergency department
Numerous studies have described the implementation of Lean methodologies in the emergency department (ED) setting [3, 28, 29] . Specifically, Lean methodologies have been utilized in the ED to redesign processes [30•, 31-35] , improve patient access and flow [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , reduce wait times [48] [49] [50] , and to address issues such as errors and ED overcrowding [51] . Our institution has applied Lean methodologies to numerous improvement projects, impacting both clinical and operational practice, summarized in Table 3 . We describe 3 examples from our experience at Seattle Children's Hospital (SCH) in greater detail below.
Seattle Children's Hospital ED front-end model redesign [30•]
A 26-member multidisciplinary team met over 5 days to redesign our front-end ED care team structure and workflow using Lean methodologies (RPIW). The goal of the redesign process was to create a new model that reduced time to be seen by a licensed ordering provider to 30 min or less for 80 % of patients. Lean design principles included careful observation of current state processes, analysis of each step in the process to determine if they are completely unnecessary, unnecessary but unavoidable, or necessary (value-added) (i.e., Value Stream Mapping). Based on a review of ED front-end literature, mapping of the current system through direct observation, and methodical elimination of non-valueadded steps, a new model was designed. In our Bcurrent state,^we used a traditional front-end model found in many academic emergency departments. Current state patient flow was mapped out as follows: On arrival, patients were greeted by security and administrative staff in the waiting room. Next, they saw the triage nurse who obtained vital signs and assigned a triage level. If a room was not immediately available, patients were sent to the waiting room after triage. Once roomed, patients were seen by registration staff, medication intake coordinators (trained pharmacy technicians who verify and enter all home medications, dose, and frequency into the computer), nurses and multiple physicians or trainees including medical students, residents, fellows, and attendings in a series of often redundant encounters. NVA steps identified in this model included delay from patient arrival to provider, patient wait times to nursing assessment, travel times, redundant questioning about medications and historical information, and providers not always available to see patients when they arrive to a patient room. To minimize or eliminate these non-value-added steps, components of previously described front-end models were adopted. Patient flow through the new front-end model is as follows: On arrival, patients are first seen by a lobby nurse who does a rapid visual assessment which includes assessing the patient's level of consciousness, work of breathing, and color. The lobby nurse then performs a quick registration which involves entering name, date of birth, and whether an interpreter is needed into the electronic medical record (EMR). Nurses are geographically zoned in the ED and have an electronic mechanism for visually indicating on the tracking system when they are ready for a new patient (Pull system). Medication intake coordinators (MICs) then transport patients (minimizing underutilized staff and transport time) to an open room, where they are greeted by a nurse who obtains vital signs, thereby eliminating traditional triage for most patients. Medication intake is completed by the MIC simultaneously with vital signs. In our ideal state, the medical provider care team is also present to assess the patient once they are placed in a room. The care team listens to the presenting complaint, performs a focused physical exam, and verbalizes an initial plan to the nurse and family. If a physician care team is not available, a separate BEarly Initiationt eam (physician or NP plus an RN) is available to meet and assess patients, place orders, and start treatments.
The new model was tested over two pilot periods and compared to a similar period of control days. ED census and patient acuity were similar during both pilot periods. Eighteen patients were included in pilot 1, and 80 patients were included in the expanded second pilot. Patients seen within 30 min improved from a baseline of 33 to 93 % in pilot 2. Time to a visual assessment by a nurse, to a room, and to a licensed independent provider all decreased. The largest decrease was in median time to provider, from 43 min in the current state to 7 min during pilot 2.
SCH ED asthma clinical standard work
Asthma is the most common chronic illness in children and accounts for 9600,000 ED visits each year. At our institution, asthma is the leading ED diagnosis resulting in hospital admission. We recognized that reducing ED length of stay for moderate to severe asthmatics would improve ED throughput (flow) and patient care for this high risk population. Our institution has used the Respiratory Clinical Score (CS) since 2002 to guide treatment on our standardized clinical pathway for asthma (Fig. 2) [52] . Documentation of respiratory scores before and after treatments allowed a review of asthma patients presenting to our pediatric ED over a 7-month period in 2010-2011. We reviewed respiratory score on arrival to the ED, score after the first and second hours of treatment, disposition (admit/discharge), and ED length of stay for all patients with a diagnosis of asthma who presented to the ED from October 2010 to April 2011. This analysis revealed that 90 % of patients with high scores (9-12) after 1-h of treatment were ultimately admitted to the hospital; however, these patients had variable and often prolonged lengths of stay in the ED prior to admission (NVA step). In order to expedite care and improve ED efficiency, standardized respiratory score-based admission criteria were added to our asthma clinical pathway in September 2011. Mean ED length of stay and time to bed request for admitted asthmatics both decreased by 30 min after implementing the modified asthma pathway with standardized admission criteria. Thus, by standardizing care for asthma patients to include objective admission criteria early in the ED course, we optimized patient care and improve ED flow.
Lean-focused simulation and the SCH ED resuscitation room redesign (5S)
Our institution has integrated Lean methodology with simulation methodology. In situ simulation is used to go to gemba for rare or complex processes, identify waste and constraints, design standard work, and perform an initial PDCA cycle, even before rolling out a new process. We have created a simulation process that incorporates Lean tools and a Lean-focused debrief. The goal of Lean-focused simulation is to efficiently identify and address systems and quality issues.
A 13-member multidisciplinary team that included physicians, nurses, and facilities personnel met over 2 days to redesign an existing resuscitation room through the use of in situ simulation and Lean methodologies. The goal of the redesign process was to reduce search and set-up time for materials and remove waste in the process of administering resuscitative care. Two in situ simulations, an infant in cardiogenic shock and a toddler with multiple traumatic injuries, were conducted at the beginning of the 2-day event to identify current state and again at the end of the event to identify changes. At the start of these simulations, participants were oriented to the systems focus of the simulation and provided with the medical case scenario as well as specific targets for the team (e.g., defibrillation of the infant when in pulseless ventricular tachycardia (VTach)). This type of participant orientation is unique in Lean or systems simulation and takes the focus off the medical care itself to allow emphasis on the system and process of delivering care. Lean-focused debriefing was employed to systematically identify waste and to identify opportunities to streamline care. To aid participants in focusing on waste, a poster with the types of waste and examples of each were available for reference. Lean-focused debriefing is different from traditional simulation debriefing in that instead of focusing on the medical knowledge, technical skills, or teamwork of the team; the debrief focus is again Fig. 2 . Example of Asthma Clinical Standard Work. (Asterisk) RS respiratory score, (double asterisk) MDI metered dose inhaler, (triple asterisk) Admit to Phase II standardized admission criteria added to pathway for patients with respiratory score of 9-12 after the first hour of treatment.
on the system and process. One example of Lean-focused debriefing from this event involved the time it took the nurse to place an IV in the simulated patient. In the Bbefore^simulation, we identified that it took just over 3 min to place an IV in a critically ill patient, longer than the pediatric advanced life support (PALS) goal of 90
s. An open-ended debriefing question allowed identification of waste in this process, BI noticed that it took over 3 min to obtain an IV in this patient. What prevented you from being able to place the IV sooner?^The nurse was then able to identify several areas of waste including the need to gather supplies from several drawers to both place an IV and obtain requested labs. In addition to the identification of waste in the delivery of resuscitative care, the event team conducted a 5S exercise of the entire room and its contents.
A total of 42 types of waste were identified in areas of inventory, transportation, and motion. Examples of waste included unnecessary duplication of medications in both the code cart and in-room supply dispensing station; the need for the nurse to leave the room to obtain critical resuscitative medications only located in the central ED medication room; the lack of standard IV set-up to allow efficient access to needed IV and lab supplies as discussed in the debriefing example above; and the lack of team role clarity resulting in role confusion and care delays. Using the time allotted, the event team was able to implement several immediate changes including the removal of duplicate medications and inventory which allowed the removal of a large in-room supply dispensing station, thus reducing clutter, establish standard patient bed and IV set-ups, and define standard code team roles. Additional changes were implemented over the next 6-8 weeks including a new in-room locked medication area to allow all resuscitative medications to be in the same location and the standardization of room set up and procedure carts.
The 5S exercise resulted in several additional improvements including decreased par level of respiratory supplies in the room (sort); identification of a step stool on the patient's right side for compressions (straighten); removal of an asthma algorithm from 1998 (scrub); clarified code team role locations around the patient (standardize); and creation of a room readiness checklist (sustain) (Fig. 3) . Fig. 3 . a ED resuscitation room before Lean-focused redesign event. b ED resuscitation room after Lean-focused redesign event*. *General storage cabinetry eliminated, task-based mobile carts implemented, co-location of supplies based on users (e.g., nursing supplies grouped together).
Simulations conducted at the end of the event identified overall improvement in the delivery of resuscitative care. Specifically, in the before state, IV access took over 3 min and the team was not able to deliver the first shock for pulseless VTach in the desired 1 min. Following the changes, IV access was obtained in the desired G90 s and the first shock for pulseless VTach was delivered in G1 min. In addition, the team identified that the resuscitation room was less cluttered allowing for the easier identification of necessary equipment and that the provision of resuscitative care was overall more efficient.
Conclusion
Lean methodology has proved to be an invaluable tool at Seattle Children's Hospital with regards to emergency department operations. As described above, it is an iterative process that may provide short-term successes but should be looked at as a long-term investment. Developing a culture of change acceptance and excitement for the process are the first hurdles. Many workers are comfortable with the status quo, and change is potentially viewed as challenging and disruptive. This can be especially difficult in the emergency department, where many pride themselves on their unique abilities to adapt, go with the flow, and provide care in spite of any obstacles. Lean does not try to remove any of the innovative and entrepreneurial spirit of ED providers but attempts to enable to providers and staff to work at their best without the constraints that we may have accepted as immovable. An example of placing tongue blades and ear speculums next to the otoscope, ensuring these items are always stocked in the area of use is a simplistic but illustrative example of Lean in action. If a provider sees 20 patients on a shift and does not have to look for these objects, or cross the room for supplies each time, they can save a couple minutes per encounter. Multiple that by 20 patients and one has potentially captured an additional 30 min or more of time that adds value to patients enables greater throughput and increases ED capacity. The risk of Lean, however, is that changes like those noted above with the tongue blades are short-term improvements, and without constant, reliable, and planned PDCA efforts, the change effects may be diminished, or the workers may revert back to the comfort of their older, standard procedures. Garnering enthusiasm and excitement for large change is often fun and rewarding, but the true value in the process is not only making the change(s) suggested by the workers, objective observations, and data but ensuring that the improvement efforts are continually revaluated. These may be affected by other changes, or the focus may shift when other new and exciting ideas/changes are brought forward.
As with any improvement process, the initial change is valuable, but the long-term impact is determined by maintaining focus and critical review. Teams also need to be cognizant of unintended consequences. Improvements in one area may uncover issues in others that need to be addressed or managed. These changes will then, in turn effect other procedures. Most change cannot be looked at in isolation but needs to be viewed as part of the larger environmental milieu. As suggested above, support for staff who may be complacent or openly antagonistic/disruptive need to be available. While the change needs to be from the workers up, management of the staff and a commitment to the process and improvement needs to be from the leadership. Presence, enthusiasm, patience, and respect for the process and people are vital components that need to be present in Lean leaders. One aspect that has lead to the successful implementation of Lean at Seattle Children's Hospital is that both the hospital and medical leadership are all strong supporters of the methodology, speak the same process improvement language, and are able to generate support and resources for operation-wide forward movement. Attempting to make substantial change as an isolated division, department, or discipline is very difficult and likely not sustainable. Also, as noted, involvement of families and patients can be invaluable. They are indeed the customers for our processes and can help ground us in our approach and goals. We are privileged to have a strong parent/ family council who have members involved in almost every aspect of our operation and serve to make us better on a daily basis.
